Variations of a free volume size of a poly(N-isopropylacrylamide) gel and a polyacrylamide gel during a volume phase transition induced by a change of external environment -temperature, solvent composition, pH, and ion strength, are described. The free volume size is probed by positron annihilation lifetime technique. Variations of the free volume size suggest that a nanoscopic environment of the gels is affected by the free volume of the solvent phase and an interaction between the polymer chain and the solvent molecule in the swollen state, and by the aggregation of the polymer chain and a balance of the interaction among the polymer chain and the solvent molecules in the collapsed state. It is revealed that the free volume size reflects the essential change of the nanoscopic environment in the gels which could induce the macroscopic volume phase transition.
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Introduction
Volume phase transition (VPT) of polymer gels, such as a poly(N-isopropylacrylamide) (PNIPA) gel, a polyacrylamide (PAAm) gel, has been studied to clarify the phenomenon for its scientific, technological and practical importance [1] [2] [3] . The VPT was interpreted from the macroscopic point of view both empirically and theoretically employing statistical thermodynamical theory for a polymer solution developed by Flory and Huggins. In the present paper, the VPT is studied from the nanoscopic point of view utilizing the free volume hole sizes of the PNIPA and PNIPA gels obtained by positron annihilation lifetime technique. The change of a subnano-environment in the gels, and an origin and a location of the free volumes are discussed in the continuous or discontinuous VPTs induced by the various physico-chemical stimuli such as temperature (Fig. la) , solvent composition (Figs. lb and c), pH ( Fig. ld) and ion strength (Fig. le) . A relation between the free volume size and the macroscopic volume change is predicted in terms of the interaction between the polymer chain and the solvent molecules.
(551) 
Experimental
The PAAm and PNIPA gels were prepared by the radical copolymerization of acrylamide for the PAAm gel or N-isopropylacrylamide for the PNIPA gel and N, N'-methylenebisacrylamide cross-linker. Sodium acrylate was added to a solution for the PAAm gel as an ionic agent. The amount of the ionic agent was regulated to make carboxylate residue content 2 or 4 mol%. The copolymerizations were performed by a conventional manner using. tetramethylenediame accelerator and ammonium persulfate initiator at room temperature. Prepared gels were washed after the copolymerization, then, the degree of swelling equilibrium was measured (Fig. 1) . Details of the preparation are found in previous literatures [4, 5] .
Decay curves of the positron annihilation were recorded with a conventional fast-fast coincident system of a time resolution of 290~300 ps. The positron source was 7.5 x 105 Bq 22 Na sealed in Kapton foils. The lifetime measurement for the temperature dependence was performed in the temperature range from 20 to 50°C, while the other measurements were done at 20°C. The obtained decay curves of positrons with total counts of 1 ~ 8 million were fitted by a non-linear least-square method and resolved into three or four components by using the PATFIT-88 computer program with a good statistical precision. The free volume hole size, R [nm], for the PAAm and PNIPA gels was estimated by using the f o l l o w i n g N a k a n i s h i -J e a n [ 6 ] where r [ns] represents an annihilation lifetime of ortho-positronium (o-Ps). It should be considered that the "Ps bubble" or Ps cavity could be expected in a liquid and a solution such as the hydrogel. The relation between the "Ps bubble" size and a free volume size obtained by the velocity of sound was studied by Ujihira et al. for various organic liquids [7] . Good correlation between them was revealed. Therefore, we conclude that a change of the Ps cavity size reflects that of the free volume size for the PAAm and PNIPA gel. Free volume sizes of the swollen gels are close to those of the corresponding mixed solvent. The result may be due to a reduced concentration of the polymer chains in the gels. In other words, most of the Ps atoms annihilate in the free volumes present in the solvent phase, suggesting that the nanoscopic structure of the solvent in the gel-network is similar to that of the bulk solvent. However, a significant discrepancy is observed in the PNIPA gel swollen in the methanol rich solvent. Two types of free volumes are appeared in the region. A radius of the smaller free volume is ~0.25 nm.
Collapsed state
The free volume sizes decreased with the volume shrinkage of the PAAm gels (Figs. 2b, d and e) . This suggests that the aggregation of the polymer chain significantly influences the free volume size in the PAAm gels. It could be speculated that a restriction of a local movement of the polymer chain of the PAAm . occurred. On the other hand, the free volume of the collapsed PNIPA gel induced by temperature change is divided into two components, bigger and smaller free volume than that in the swollen PNIPA gel (Fig. 2a) , while the free volume size in the collapsed PNIPA gel induced by the compositional change of methanol-water agrees with that of the corresponding mixed solvent (Fig. 2c) . The peculiar result of the collapsed PNIPA gel by the temperature change may be caused by the presence of periodically arrayed small free volume detected by a delocalized Ps atom (Bloch state of Ps).
Origin of the macroscopic volume change of the hydrogels probed by free volume
Average free volume sizes of the PAAm and PNIPA gels are listed in Table as a function of a stimulus variable. As mentioned above, the free volume size of the swollen gels generally agrees with that of the corresponding solvent, while that of the collapsed gels decreases with the macroscopic volume shrinkage except the case of the solvent composition dependence. Two kinds of the free volumes were observed for the PNIPA gels.
TABLE
Variations of a free volume of polyacrylamide and poly(N-isopropylacrylamide) gels during a volume phase transition.
Free volume radius ranging from 0.2 nm to 0.3 nm in polymers and solutions, which have an interaction through the hydrogen bond, is often observed in the positron annihilation lifetime. The free volume size of~ 0.29 nm in radius was observed in the collapsed PAAm gels by the pH and ionic strength change. This implies that the hydrogen bonding plays an important role of the aggregation of the gel-network. On the other hand, the free volume size of~ 0.32 nm in radius is observed in the collapsed gel by the solvent composition change, which is larger than that obtained by the changes of the pH and ionic strength. The evidence that the free volume size is close to the corresponding mixed solvent, suggests that a balance of the interaction among the solvent molecules and the polymer chain also affects the aggregation of the gel-network, i.e., the macroscopic volume shrinkage.
Hydrophobicity of the PNIPA chain is higher than that of the PAAm chain due to a presence of the isopropyl group. The volume change of the PNIPA gel at 33°C in water is interpreted to be due to a destruction of the hydrogen bonding between the polymer chain and the water molecule and the aggregation of the polymer chain by the hydrophobic interaction. As a result of the shrinkage, the periodically arrayed smaller free volumes due to bound water molecules in the aggregated gel-network were observed. The free volume size of the methanol-water mixed solvent increased with an increase in a methanol fraction because of the hydrophobicity of the methanol molecule. The hydrogen bonding between the polymer chain and the solvent molecule is produced in the swollen PNIPA gel by the methanol rich solvent so that the smaller free volumes were observed. It is expected that a formation of the free volume due to the hydrophobic interaction resulted in the macroscopic volume change of the PNIPA gel with the consequence that a supplemental phase by the hydrogen bond appeared.
The free volume of the swollen PAAm and PNIPA gels is influenced not only by the interaction between the polymer chain and the solvent molecule, but that in the solvent phase. The free volume of the collapsed gels is influenced by the aggregation of the polymer chain and the interactions among the polymer chain and the solvent molecules.
Conclusion
The positron annihilation lifetime technique is advantageously utilized to monitor the nanoscopic environment of the PAAm and PNIPA gels during the VPT. The correlation between the free volume size and the state of the interactions among the polymer chain and the solvent molecules in the gels was revealed. The present results prove that the free volume size reflects the nanoscopic environmental change in the gels, which induces the macroscopic VPT.
